Behavioral, neuropsychological, and neuroimaging data support the idea that numbers are represented along a mental number line (MNL), an analogical, visuospatial representation of number magnitude. The MNL is left-to-right oriented in Western cultures, with small numbers on the left and larger numbers on the right. Left neglect patients are impaired in the mental bisection of numerical intervals, with a bias toward larger numbers that are relatively to the right on the MNL. In the present study we investigated the effects of optokinetic stimulation (OKS) -a technique inducing visuospatial attention shifts by means of activation of the optokinetic nystagmus -on number interval bisection. One patient with left neglect following right-hemisphere stroke (BG) and four control patients with righthemisphere damage, but without neglect, performed the number interval bisection task in three conditions of OKS: static, leftward, and rightward. In the static condition, BG misbisected to the right of the true midpoint. BG misbisected to the left following leftward OKS, and again to the right of the midpoint following rightward OKS. Moreover, the variability of BG's performance was smaller following both leftward and rightward OKS, suggesting that the attentional bias induced by OKS reduced the "indifference zone" that is thought to underlie the length effect reported in bisection tasks. We argue that shifts of visuospatial attention, induced by OKS, may affect number interval bisection, thereby revealing an interaction between the processing of the perceptual space and the processing of the number space.
INTRODUCTION
Number processing is a fundamental skill for everyday living. Indeed, numbers are necessary for many basic activities such as achieving financial interactions and management, telling the time, selecting the correct bus, making a phone call, performing scientific measurements, and so on. Thus, a brain without numbers could make little sense of its internal and external environment, given that various and important everyday activities involving processing of numbers should be compromised (see Dehaene, 1997; Butterworth, 1999 , for comprehensive reviews).
An essential question is how knowledge of number is represented in the brain. How, for example, can we decide quickly and effortlessly which of two numerals expresses the greater magnitude or which of two sets contains the smaller number of elements? This has been an important challenge for cognitive neuroscientists during the last decades and encouraging theoretical proposals have been formulated on various empirical grounds. Indeed, recent research on numerical processing in animals and humans converge on the view that knowledge of numbers constitutes a domainspecific cognitive ability, with a specific neural substrate located in the left and right inferior parietal cortices (see Dehaene et al., 2003) .
A far more complex issue, however, is that of the nature of these representations. Dehaene and Cohen (1995) have proposed a comprehensive cognitive-anatomical model to explain various aspects of mathematical cognition. In this model, mathematical information is represented by three distinct codes: an Arabic code, a verbal code, and a code consisting in a continuous, analogical left-to-right oriented mental number line (MNL), where small numbers are represented on the left and progressively larger numbers are represented on the right. According to Dehaene and Cohen (1995) , the three codes have different representational and functional properties. The first two codes, for example, are notationdependent (Arabic vs. verbal). More precisely, the verbal code is responsible for the recognition and production of number words (spoken and written), for the retrieval of rote-memorized arithmetic facts (e.g., the multiplication table, the results of frequent one-digit additions and subtractions, etc.), and for counting. The Arabic code is implicated in the recognition and production of Arabic digits, in parity judgment (i.e., decide if a number is odd or even), and in multi-digit written calculations. The third code (the MNL), in contrast, is supramodal (i.e., notation-independent) and, thus, it can be activated both by numerals (Arabic digits, spoken number words, written number words, etc.) and by directly perceived numerosities of distinct elements in the environment (objects, people, animals, etc.) . The principal role of the MNL is to represent the meaning both of numerals and of perceived numerosities by translating them into a continuous and analogical magnitude code . Thus, the MNL supports number comparison (e.g., "is 5 bigger than 6?") and approximate calculation (e.g., "does the operation 3 + 4 equals 15?").
It has been shown that each of these codes has a specific cerebral localization (Dehaene and Cohen, 1995) . More precisely, the Arabic code is implemented in the inferior mesial occipital-temporal cortices bilaterally, whereas the perisylvian circuits of the left hemisphere support the verbal code. Finally, the analogical code is subserved by the inferior parietal cortices bilaterally. The three codes are coordinated by general-purpose executive systems localized in the prefrontal cortices bilaterally (Dehaene and Cohen, 1995; Dehaene et al., 2003) .
Although the notion of MNL is widely accepted in the numerical cognition literature, what remains controversial is whether the MNL has a truly spatial nature (for reviews, see Dehaene et al., 2003; Hubbard et al., 2005; Umiltà et al., 2009) . Dehaene et al. (1990) were the first to report experimental evidence in favor of the spatial format of the MNL. In their study, participants were asked to decide, by pressing either a right-sided or a left-sided key, whether Arabic digits displayed at fixation were larger or smaller than a fixed reference number (i.e., 65). Although key order was counterbalanced, Dehaene et al. (1990) observed that participants were more efficient in pressing the left-sided key for responding "smaller" (Arabic digits <65) and the right-sided key for responding "larger" (Arabic digits >65). Hence, there seemed to be an effect of spatial correspondence between the effector of the response and the position of the processed number on the MNL (i.e., left or right with respect to the reference number). In a second study, Dehaene et al. (1993) observed that there was a left-sided key advantage for small numbers and a right-sided key advantage for larger numbers, even in a task that did not require direct manipulation of number magnitude. In this study, participants were presented with centrally displayed Arabic digits, and they were asked to perform parity judgments by pressing a left-sided or a right-sided key. The results revealed that participants were significantly faster and more accurate in responding to relatively small numbers with their left hand, whereas they were more accurate and fast in responding to relatively large numbers with their right hand. This correspondence between the position of a number on the MNL and the spatial position in which the response to that number took place was termed the spatial numerical association of response codes (SNARC) effect.
The SNARC effect, however, might be also explained by other recent theories that dispense with the spatial coding of numbers (see Gevers et al., 2006; Proctor and Cho, 2006) . For example, Gevers et al. (2006) developed a computational account of the SNARC effect, in which "a specific number is not coded as left or right but (. . .) is coded as either small or large, which in turn activates left or right responses." The account of Proctor and Cho (2006;  see also Santens and Gevers, 2008 ) is based on the idea that stimuli and associated responses in binary choice tasks are coded with positive and negative polarities. Proctor and Cho (2006) suggested that the SNARC effect may be the result of coding large numbers as positive and small numbers as negative, which would then produce match or mismatch with the polarity coding of responses (negative for left and positive for right). We think, however, that the notion of polarity correspondence does not run against the notion of a spatial representation of numbers. The minus (−) and plus (+) signs are systematically associated with Cartesian coordinates in order to represent spatial positions to the left (−) or to the right (+) of a reference point (i.e., zero). Kosslyn (1994, for review) has proposed a dual system for coding space in the human brain: coordinate spatial codes (e.g., Cartesian coordinates), implemented in the right hemisphere, and categorical spatial codes (e.g., left, right, above, below, etc.), implemented in the left hemisphere. Thus, polarity correspondence might simply involve Kosslyn's categorical spatial coding. Nevertheless, the graded nature of the SNARC effect (i.e., a linear progression from left-sided response advantage to right-sided response advantage as magnitude increases; e.g., Fias et al., 1996; Priftis et al., 2006 ) cannot be explained if coding were only categorical.
Further evidence in favor of the spatial format of the MNL has been reported in studies on neurological patients. Zorzi et al. (2002) investigated whether the MNL has a left-to-right spatial organization, by exploring the way numbers are represented in patients affected by left neglect. These patients, more frequently following a right parietal lesion, fail to report, orient to, or verbally describe stimuli in the contralesional side of space (i.e., the left side; for review, see Halligan et al., 2003) . When neglect patients are asked to bisect physical lines, they systematically misbisect to the right of the true midpoint of the line, as if they were ignoring its leftmost part. Halligan and Marshall (1988; also see Marshall and Halligan, 1989) observed that this rightward misbisection is directly proportional to the length of the physical line. That is, the longer the physical line, the greater the misbisection to the right of the true midpoint, although leftward misbisection was observed for very short physical lines (i.e., the "crossover" effect).
To investigate whether the MNL has spatial features similar to those of physical lines, Zorzi et al. (2002) asked left neglect patients to mentally bisect numerical intervals (e.g., "Which number is halfway between 1 and 9?"). The results showed that left neglect patients misbisected to the "right" of the true midpoint of longer number intervals (e.g., responding that "7" is halfway between "1" and "9"), but they misbisected to the left of the true midpoint of shorter number intervals (e.g., responding that "6" is halfway between "7" and "9"). Thus, the overall pattern observed in mental number interval bisection resembled that of left neglect patients during the bisection of physical lines. The findings of Zorzi et al. (2002) have been replicated and extended in a number of recent studies reporting effects of neglect on number processing (Rossetti et al., 2004; Vuilleumier et al., 2004; Doricchi et al., 2005; Priftis et al., 2006 Priftis et al., , 2008 Zorzi et al., 2006; Cappelletti et al., 2007; Zamarian et al., 2007; Hoeckner et al., 2008; Loftus et al., 2008; Yang et al., 2009 ; for review see Umiltà et al., 2009 ). The converse relation has been also reported; that is, number processing can modulate left neglect. Bonato et al. (2008) have reported that the presence of small numbers ameliorates physical line bisection in left neglect patients. Loftus et al. (2008) have shown that processing of small numbers overcomes left neglect in a perceptual task. Finally, a reliable "leftward" bias (i.e., "pseudoneglect") has been reported in healthy participants engaged in various numerical tasks (Longo and Lourenco, 2007 ; for review, see Umiltà et al., 2009 ). This bias mirrors, in the number space, the wellknown asymmetries observed when healthy participants deploy Frontiers in Human Neuroscience www.frontiersin.org their visuospatial attention in the physical space (for a review on pseudoneglect in physical space, see Jewell and McCourt, 2000) . Nevertheless, in a recent paper reporting the case study of a patient with right-sided neglect following left hemisphere damage, van Dijck et al. (2011) have proposed that the misbisection pattern observed in neglect patients during number interval bisection is due to a deficit in processing the initial items in a sequence to be held in verbal working memory, rather than a consequence of neglect (also see Fias et al., 2011, for review) . If this were the case, one would expect that manipulation of spatial variables should not affect neglect for the number space, given that these manipulations do not affect verbal working memory. There are two published studies that are difficult to reconcile with the verbal working memory account. First, Rossetti et al. (2004) showed that the overall rightward bias of left neglect patients in bisecting mental number intervals can be ameliorated following adaptation to rightwardshifting prisms, a well-known and widely used technique for rehabilitating visuospatial attention deficits of neglect patients. Second, Salillas et al. (2009) reported that leftward, coherent dot movement can improve the difficulties of left neglect patients in judging the magnitude of numbers, which are smaller (e.g., 4) than a reference number (e.g., 5). Note that this task is minimally based on verbal working memory resources, because participants must remember only one item (i.e., the reference number) for performing the task.
The aim of the present study was to investigate whether optokinetic stimulation (OKS) -a technique inducing visuospatial attention shifts by means of elicitation of the optokinetic nystagmus (for review, see Kerkhoff, 2003) -would influence mental number interval bisection in a way similar to the way OKS affects physical line bisection. Indeed, Pizzamiglio et al. (1990) have shown that, with respect to a static OKS condition, leftward OKS improves physical line bisection, whereas rightward OKS deteriorates physical line bisection. Pizzamiglio et al. (1990) showed that these effects were particularly strong and evident in neglect patients with respect to controls. We tested one left neglect patient (BG) and four right-hemisphere damaged control patients without neglect. We postulated that if a deficit in verbal working memory was the reason underlying number interval misbisection, then OKS should have no effects on the performance of the left neglect patient. In contrast, if neglect was the core deficit, leftward OKS should improve number interval bisection, whereas rightward OKS should deteriorate it. Finally, in contrast with Salillas et al. (2009) who used coherent dot motion, in the present study OKS consisted in fast-moving vertical stripes, a visuosensory manipulation which elicits the optokinetic nystagmus (see below).
MATERIALS AND METHOD CASE DESCRIPTION
BG, a 64-year-old, right-handed man with 4 years of education, suffered a right-hemisphere ischemic stroke. He had negative neurological and psychiatric history. A computed tomography (CT) scan, performed immediately after his stroke, evidenced a hypodense area in the temporo-parietal region of the right cerebral hemisphere that was extended subcortically to the ventricular-thalamic regions. A second CT scan revealed Line bisection 6/9 9/9 9/9 9/9 9/9
Spontaneous drawing 1/3 1/3 0/3 2/3 1/3 an extensive hypodense right cerebral lesion accompanied by non-homogeneous, paraventricular-thalamic areas of hypodensity; median structures were in axis. Another CT scan reconfirmed the presence of the same hypodense areas. During hospitalization, BG was complied with physical therapy for left body hemiparesis and neuropharmacological treatment. At the moment of testing, BG was able to take short walks with the help of a tripod, but he mainly used the wheelchair to move himself. BG underwent formal neuropsychological evaluation. He was alert and collaborative, and oriented to personal information, even if he was only partially oriented in time and space. He had no memory or communication difficulties in everyday life, despite his hypoacusia, which was present even before his stroke. His social, behavioral, and emotional control remained well adapted. Clinical signs of left neglect, consisting in spontaneous head and gaze deviation toward the ipsilesional hemispace, were present. His score on the conventional part of the Behavioral Inattention Test (BIT; Wilson et al., 1987) was below the cut-off, revealing that BG was affected by left neglect. BG gave his informed consent in order to participate in the study, according to the Declaration of Helsinki. Demographic, clinical, and psychometric data of BG are reported in Table 1 .
RIGHT-HEMISPHERE DAMAGED CONTROL PATIENTS
Four patients (SL, BGA, CP, CL; mean age 63 years, SD 9.83, mean education 10.25 years, SD 5.56) with right-hemisphere stroke, but without left neglect (hereafter RBDN-group) took part in the study, after giving their informed consent according to the Declaration of Helsinki. Inclusion criteria comprised absence of dementia, substance abuse, and psychiatric disorders. Left neglect was assessed through the conventional part of the BIT (Wilson et al., 1987) : all control patients obtained a score above the cut-off
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MENTAL NUMBER INTERVAL BISECTION TASK

Stimuli
Stimuli and procedure were the same as those used by Zorzi et al. (2002; see also Priftis et al., 2006) . Forty-eight forward (e.g., 1-9) and 48 backward (e.g., 9-1) number pairs were orally presented to the participants. Each trial was presented once, in random order. Each number pair defined a specific number interval, whose length was three (e.g., 1-3), five (e.g., 1-5), seven (e.g., 1-7), or nine (e.g., 1-9). Each number interval was presented within the units (e.g., 1-5), the teens (e.g., 11-15), and the twenties (e.g., 21-25). The complete set of number pairs is reported in Table 2 .
OPTOKINETIC STIMULATION
Stimuli
Optokinetic stimulation consisted of moving white vertical stripes (width: 1 cm, height: 11.5 cm, luminance: ∼76 cd/m 2 ), presented against a black background (luminance: 0.42 cd/m 2 ) at the speed of 8.4 cm/s. The inter-stripe distance was 1 cm.
APPARATUS AND PROCEDURE
A notebook (Intel® Pentium® M, CPU: 1.86 GHz, RAM: 512 MB, graphics card: 128 MB, 15 screen, refresh rate: 60 Hz, 32 bit colors, 1400 × 1050 pixel resolution) was used to display the OKS. All participants were tested in the same room and under the same luminance condition. The experiment was composed by a preliminary session followed by an experimental session. In the preliminary session, participants sat in front of the screen. A chinrest was used to keep the eyes of the participants at a distance of 40 cm from the screen. Participants were asked to fixate the center of the screen while either leftward or rightward OKS was presented. All participants had normal optokinetic nystagmus, characterized by a slow phase of eye movement toward the direction of the OKS and a rapid phase opposite the direction of the OKS. In the experimental session, participants remained positioned in front of the screen, with their head fixed in the chinrest. Participants were asked to look at the center of the screen. The experimenter sat behind the screen out of the participants' view and controlled, using a camcorder, whether the participants showed the nystagmus and whether they maintained their gaze on the screen. During the presentation of the OKS conditions (static, leftward, rightward), participants were presented with spoken number pairs and they were asked to say aloud which number was halfway between the first and the second number of each pair (e.g., the experimenter asked: "What number is halfway between 1 and 9?"). There was no time limit for the participants to perform the task. The number pairs were repeated to the participants whenever required. OKS was presented to the participants in three separate blocks (static, leftward, rightward) in three consecutive days (one block on each day).
RESULTS
For each participant and for each number interval, the mean difference between observed (O) and correct (C) responses (dO-C) was calculated (see Table 3 ). For each participant and condition, responses above and below 3 SD from the mean were excluded from the statistical analyses. The resulting number of outliers was very small (BG: static 2.83%, leftward 2.83%, rightward 0%; RBDN: static 0.26%, leftward 2.08%, rightward: 0.78%).
For each participant and each condition of OKS (static, leftward, rightward), Pearson's r coefficients were calculated (number interval length vs. dO-C). We used specific tests for comparing the Pearson's r coefficient of BG with those of the RBDN-group (Crawford et al., 2003) . In the static condition (see Figure 1) , BG misbisected significantly to the right of the true midpoint (r = 0.25), as a function of number interval length, t (3) = 3.527, dO-C = 0.019, one-tailed, showing the typical pattern of mental number interval bisection observed in left neglect patients. Leftward OKS (see Figure 2) improved the performance of BG, which became not significantly different (r = 0.07) from that of RBDN-controls, t (3) = 0.271, p = 0.402, one-tailed. Finally, rightward OKS (see Figure 3) induced BG to misbisect again to the right of the true midpoint, as a function of number interval (BG: r = 0.41), t (3) = 2.551, p = 0.042, one-tailed.
Leftward and rightward OKS appeared to induce a reduction of the SE in BG (SE across interval lengths = static: 1.323, leftward: 0.736, rightward: 0.321; also see Figures 1-3) . Therefore, we performed further analyses to assess whether the change in variability in BG's performance, as a function of OKS condition, was different from that of controls. To this aim we used the revised standardized difference test (Crawford and Garthwaite, 2005) , which is designed to test the difference of a patient's performance in two conditions, with respect to that of controls. With respect to the static condition, both leftward and rightward OKS decreased BG's SE [static vs. leftward OKS, t (3) = 19.049, p = 0.0003, two-tailed; static vs. leftward OKS, t (3) = 15.386, p = 0.0006, two-tailed]. Finally, BG's SE was smaller in the rightward than in the leftward OKS condition, t (3) = 8.831, p = 0.0003.
DISCUSSION
BG, a left neglect patient, misbisected to the right of the true midpoint of number intervals. His performance significantly improved following leftward OKS given that it became indistinguishable from that of control patients. BG misbisected again to the right of the true midpoint of the number intervals following rightward OKS. Although it may appear that rightward Frontiers in Human Neuroscience www.frontiersin.org OKS did not affect BG's performance in comparison to the static condition (compare Figures 1 and 3) , we found that rightward OKS strongly decreased variability of response with respect to the static condition. Neglect patients' response variability in visual line bisection is attributed to a pathologically extended "indifference zone" (Marshall and Halligan, 1989; Olk et al., 2004; Bonato et al., 2008) . The "indifference zone" theory suggests that the bisection bias is due to an increased Weber fraction, which increases, in turn, the discrepancy between two lines, which are judged as equal in length. This accounts for the effect of line length (Marshall and Halligan, 1989) and for the inconsistent perception of the line center in neglect FIGURE 2 | In the leftward OKS condition, BG bisection did not differ from that of controls. Even for length 9 the mean dO-C of RBDN -did not differ from 0, t (3) = 1.663, p = 0.194. (Olk et al., 2004) . Neglect severity is directly related to the size of the "indifference zone" (Bonato et al., 2008) . The notion of "indifference zone" can be also applied to number interval bisection. In BG, both rightward and leftward OKS decreased variability with respect to the static condition. Thus, we suggest that the effect of biasing visuospatial attention in either direction through the OKS was to decrease the "indifference zone" and to make BG's responses more consistent than in the static condition. Note that variability in the rightward OKS condition was even smaller than that in the leftward OKS condition; this suggests that BG responded in the most consistent way when the attention bias induced by rightward OKS had the same direction of the pathological attention bias (i.e., rightward) due to left neglect. The smaller variability in the rightward OKS condition also explains why the Pearson's r coefficient (correlation between dO-C and interval length) was larger in this condition compared to the static condition (r = 0.41 vs. r = 0.25), even though the mean dO-Cs were similar. Moreover, the fact that rightward OKS did not increase BG's bias in terms of dO-C over and above his dO-C in the static condition, is likely to reflect a ceiling effect. Thus, OKS can influence not only the perceived space (for review, see Kerkhoff, 2003) , but also the imaginal space of the MNL. Our findings run against the recent proposal that the misbisection pattern observed in neglect patients during mental number interval bisection is not due to neglect, but to a deficit in processing the initial items in a sequence to be held in verbal working memory van Dijck et al., 2011) . If this were the case, OKS should have not affected number interval bisection in BG, because the same verbal working memory resources were required in all the three OKS conditions (i.e., static, leftward, rightward) to perform the task. In contrast, the finding that the manipulation of visuospatial attention influenced BG's performance can be only explained by the hypothesis that his misbisection pattern was due to left neglect for the number space.
Our findings are in favor of a functional isomorphism (or homeomorphism) between the perceived space and the imaginal space of the MNL, as originally proposed by Zorzi et al. (2002) . Indeed, the two spaces must have similar metrics (e.g., can be defined according to Cartesian coordinates) and can be modulated by the deployment of similar -though independent -spatial attention mechanisms. The independence of the number space from the perceived space is confirmed by double dissociations, which have been reported when left neglect patients bisect physical lines vs. mental number intervals (see Rossetti et al., 2004; Zorzi et al., 2004; Doricchi et al., 2005) . Nonetheless, performance of left neglect patients in the two tasks is remarkably similar Cappelletti et al., 2007) and can be correlated (Yang et al., 2009 ; see also Longo and Lourenco, 2007 , for evidence of pseudoneglect). Furthermore, interactions between the perceived space and the imaginal space of the MNL have been revealed by the effects of spatial variables on number processing (for studies on left neglect patients, see Rossetti et al., 2004; Salillas et al., 2009 ; for studies on neurologically healthy participants, see Loetscher et al., 2008; Stoianov et al., 2008; Nicholls and McIlroy, 2010; Cattaneo et al., 2011; Kramer et al., 2011) and by the effects of numerical variables on spatial processing (for studies on left neglect patients, see Bonato et al., 2008; Loftus et al., 2008 ; for studies on neurologically healthy participants, see Fischer et al., 2003; Galfano et al., 2006; Casarotti et al., 2007; Cattaneo et al., 2009) .
We conclude that our findings confirm and expand those of other studies revealing the presence of robust interactions between the deployment of attention in the perceived space and the deployment of attention in the imaginal space of the MNL. These interactions challenge both the verbal working memory account of number space in neglect patients van Dijck et al., 2011) and the non-spatial accounts of number-space interactions that have been proposed by Gevers et al. (2006) and by Proctor and Cho (2006) .
